theobromae, Neofusicoccum batangarum, and Pseudofusicoccum stromaticum. Lasiodiplodia theobromae has been previously reported in cashew and is the most prevalent species observed. All the other species are reported here for the first time on this host. All species of Botryosphaeriaceae were pathogenic on detached green cashew shoots. Differences in aggressiveness were observed among the species, with N. batangarum, L. iraniensis, L. jatrophicola, and L. gravistriata characterized as the most aggressive species, whilst L. euphorbicola and L. pseudotheobromae were identified as the least aggressive.
Introduction
Cashew (Anacardium occidentale) is a tropical evergreen crop cultivated worldwide with a centre of origin in the Amazonian forest of Brazil. In contrast to the other seven species within the genus Anacardium, only cashew (A. occidentale) is an economically important nut crop, with both an edible hypo carp (apple) and nutritious kernel arising from a drupe (Aliyu 2012) . It is important as an export commodity, with considerable consumption in Europe and the USA. Brazilian production in 2013 reached 259 900 t, from a production area of 708 430 ha. In 2016, 12 165 t of cashew nuts were exported generating about US$ 79 M. The north-eastern region of Brazil is responsible for 99 % of the country's production (Agrianual 2015) , with the cashew industry in rural areas recognized to be of considerable socio-economic importance (Moreira et al. 2013) .
Of the numerous diseases that compromise cashew production, cashew gummosis, which is caused by Lasiodiplodia theobromae, is considered one of the most important diseases for the cashew industry (Cysne et al. 2010 ). This fungal species was first reported on cashew in 1990 (Freire 1991) , and was soon recognized as one of the most important diseases of the crop in north-eastern Brazil (Freire et al. 2002; Moreira et al. 2013) . The main symptoms of this disease comprise the appearance of cankers along the trunk or branches, which develop over time and release a characteristic resin-like gum. Gummosis subsequently results in reduced water and nutrient transport, branch dieback, inflorescence blight, reduction in photosynthesis, and eventual plant death (Freire et al. 2002; Moreira et al. 2013) .
To date only L. theobromae has been found associated with cashew gummosis (Freire et al. 2002; Cardoso et al. 2004; Muniz et al. 2012; Moreira et al. 2013) . However, identification of causal agents was based on analysis of fungal morphology and cultural characteristics, which are today considered insufficient for species identification in the genus Lasiodiplodia (Phillips et al. 2013) .
Lasiodiplodia is a member genus of the Botryosphaeriaceae, a family in the Dothideomycetes. This family contains numerous fungal species which occur as saprophytes, parasites or endophytes on a diverse range of plant hosts Phillips et al. 2013) . In addition to cashew in Brazil, genera of Botryosphaeriaceae such as Botryosphaeria, Fusicoccum, Macrophomina, Neofusicoccum, Neoscytalidium, and Pseudofusicoccum (Marques et al. 2013b; Machado et al. 2014) have been reported to cause disease in several other economically important crops including avocado (Persea americana), banana (Musa spp.), barbados cherry (Malpighia glabra), cacao (Theobromae cacao), castor bean (Ricinus communis), citrus (Citrus spp.), coconut palm (Cocos nucifera), custard apple (Annona squamosa), grapevine and table grape (Vitis spp.), guaran a (Paullinia cupana), guava (Psidium guajava), mango (Mangifera indica), muskmelon (Cucumis melo), papaya (Carica papaya), passion fruit (Passiflora edulis), physic nut (Jatropha curcas), sour sop (Annona muricata), and watermelon (Citrullus lanatus) (Costa et al. 2010; Marques et al. 2013a; Machado et al. 2014; Netto et al. 2014; Correia et al. 2016) .
Although the taxonomy of the Botryosphaeriaceae has until recently been based upon morphology of asexual morphs, more recent phylogenetic inference based upon analysis of sequence data for target DNA loci has had considerable impact on the systematics of the Botryosphaeriaceae, with increased resolution enabling discrimination of species with overlapping morphological characteristics (de Wet et al. 2008; Phillips et al. 2013) .
Despite the pathogenic importance attributed to Botryosphaeriaceae on diverse host plants, there have been no phylogenetic analyses of this family on cashew. Given the increasing economic importance of cashew gummosis and the recent reports of new species of Botryosphaeriaceae occurring on tropical plants, it is possible that a number of species of this family may be associated with cashew gummosis in Brazil. For effective disease management, a clear understanding of disease aetiology is essential for determination of the distribution of individual species and their disease epidemiology. In this context, the objectives of this study were (i) to identify species of Botryosphaeriaceae associated with cashew gummosis in Brazil, (ii) to determine the prevalence and distribution of each species, and (iii) to characterize isolates in terms pathogenicity and virulence using excised cashew green shoots.
Materials and methods

Isolation of fungal material
During 2013 and 2014, samples were obtained from 30 Anacardium orchards, located in six states of Brazil (Alagoas, Cear a, Minas Gerais, Pernambuco, Piau ı, and Rio Grande do Norte). In each orchard, a total of 15 Anacardium trees exhibiting gummosis symptoms were selected for isolation of fungal material. Symptomatic shoot material at the interface between necrotic and apparently uninfected tissue was surface sterilized using 70 % ethanol for 30 s followed by 1 % NaOCl for 1 min. Following rinsing once with sterile distilled water for 30 s, material was then dried and 4e5 mm fragments plated onto potato dextrose agar (PDA) (Acumedia, Lansing, USA) containing 0.5 g l À1 streptomycin sulphate (PDAS). Following incubation at 25 C in the dark for a period of 3e4 d, all colonies showing morphological characteristic typical of the Botryosphaeriaceae (Sutton 1980; Phillips 2006) were plated onto PDA and incubated at 25 C in the dark and observed over a period 15 d. Pycnidial production was induced following growth on 2 % water agar (WA) and autoclaved pine needles (PNA) as carbon source. After a 3-week incubation period at 25 C under a 12 h daily photoperiod with near-ultraviolet light (Slippers et al. 2004a) , individual pycnidia were from each isolate were examined under a stereo-microscope (Zeiss Stemi DV4; Carl Zeiss, Berlin, Germany), and transferred in 250 ml of sterile distilled water. A 20 ml aliquot of the resultant conidial suspension was spread onto PDAS and incubated at 28 C in the dark for 24 h. Single spore isolates were prepared for each sample through transfer onto fresh PDA plates. Based upon morphological characteristics typical of the genus, a total of 138 isolates were identified as members of the Botryosphaeriaceae. All isolates were preserved on PDA slants at 5 C in the dark.
Molecular-based amplification
For identification of the Botryosphaeriaceae, a region of the translation elongation factor 1a (EF1-a) gene was amplified and sequenced for all isolates collected from the cashew orchards. The rDNA internal transcribed spacer (ITS) regions was employed to support species identity based on EF1-a gene sequence data, with a portion of the b-tubulin gene for the fusicoccum-like representative isolates. Total DNA was extracted from aerial mycelium from 7-day-old cultures grown on PDA at 25 C using an AxyPrepä Multisource Genomic DNA Miniprep Kit (Axygen Scientific Inc., Union City, USA) according to the manufacturer's instructions. The target region of the EF1-a gene was amplified using primer pairs EF-688F and EF-1251R (Alves et al. 2008), as described by Phillips et al. (2005) . The rDNA ITS region was amplified using universal primers ITS1 and ITS4 (White et al. 1990) according to Slippers et al. (2004b) . A portion of the b-tubulin (TUB) gene was amplified using the primers BT2a and BT2b (Glass & Donaldson 1995) . Each PCR reaction contained 1 ml of total DNA, 1.5 mM of each primer, 25 ml of 2Â PCR Master Mix (Thermo Scientific, Waltham, USA), containing 0.05 U of Taq DNA polymerase, 2Â reaction buffer, 4 mM MgCl 2 , and 0.4 mM dNTPs. Reaction volumes were completed to 50 ml volumes using PCR-grade water. Temperature cycling was conducted with a thermo cycler (Biocycler MJ 96; Applied Biosystems, Foster City, USA). PCR products were photodocumented under UV light after staining 1.5 % agarose gels with ethidium bromide (0.5 mg ml
À1
) for 1 min. Purification of PCR products was performed with the AxyPrepä PCR Cleanup Kit (Axygen), according to the manufacturer's instructions. The rDNA ITS, EF1-a, and b-tubulin regions were forward and reverse sequenced with an ABI 3730 XL DNA Analyzer (Applied Biosystems).
Phylogenetic analyses
Alignment of sequence data was conducted using ClustalX v. 1.83 (Thompson et al. 1997) , with the following parameters: pair wise alignment (gap opening ¼ 10, gap extension ¼ 0.1); multiple alignment (gap opening ¼ 10, gap extension ¼ 0.2, transition weight ¼ 0.5, delay divergent sequences ¼ 25 %). Sequences of two isolates of each species of Botryosphaeriaceae including the type strains available in GenBank were also included in the analyses and outgroup (Table 1) . Only the type species of Lasiodiplodia pontae was included in the analysis because the two other strain available [isolate IBL 14 (GenBank accession number: ITS-KT151795; EF-1a-KT151792) and isolate IBL 18 (GenBank accession number: ITS-151796; EF-1a-KT151793)] did not cluster in the type strain clade (Coutinho et al. 2016) . Simple indel coding, as implemented by GapCoder (Young & Healy 2003) , was employed for incorporation of phylogenetic information present in indels (gaps) into the phylogenetic analyses. Tree robustness was evaluated following 1000 bootstrap replications (Hillis & Bull 1993) . Sequence alignments were deposited in TreeBASE (http://www.treebase.org/) under accession number S19242 for Lasiodiplodia, S19243 for Neofusicoccum, and S19241 for Pseudofusicoccum. Phylogenetic analyses were conducted using the programme GENEIOUS v. 7.1.8 (Kearse et al. 2012) . Maximum likelihood estimation was conducted using a plugin for PhyML (Guindon et al. 2010) and Bayesian analyses using MrBayes v. 3.0b4 (Ronquist & Huelsenbeck 2003) . Bayesian analysis was performed by four independent runs with the Markov Chain Monte Carlo (MCMC) algorithms (Larget & Simon 1999) . Data were partitioned according to locus, with nucleotide substitution model parameters for each partition set as described below. Four parallel MCMC chains were run, with a heating scheme set at 0.3, under a general time-reversible (GTR) substitution model with rate variation of gamma-distribution (G), and proportion of invariable site (I) (Rodr ıguez et al. 1990) . Trees were sampled every 1000th generation from a total of 10 000 trees, with the first 2500 trees discarded as representing the burn-in phase of each analysis. The remaining 7500 trees (stationary distribution) were employed for determination of posterior probabilities (Rannala & Yang 1996) and mapping onto the majority-rule consensus tree. 
Morphology and cultural characteristics
Colony morphology and conidial characteristics were examined for a total of 33 representative isolates among the Botryosphaeriaceae species identified following phylogenetic analysis. Colony colour and aerial hyphae were recorded after 15 d of growth on 2 % malt extract agar (MEA) (Acumedia) at 25 C in the dark. Colony colours were examined according to Rayner (1970) . Conidial morphology characteristics were examined after growth under near-ultraviolet light on PNA, as previously described. Digital images for conidia and other structures mounted in 100 % lactic acid were recorded using a Leica DFC320 camera fitted to a Leica DMR HC microscope with Nomarski differential interference contrast optics (Leica Microsystems Imaging Solutions Ltd., Cambridge, UK). The Leica IM500 measurement module was employed to determine the length and width of 50 conidia per isolate, with mean values and standard errors calculated for all measurements. Conidial shape, colour, and septation were also recorded. The effect of temperature on colony growth was examined across the different species identified. Four replicates were included per isolate, with experiments performed in duplicate. Mycelial plugs isolated from the growing margin of 3-dayold colonized plates were transferred onto 2 % MEA plates and incubation the dark at temperatures ranging from 5 C to 35 C, with 5 C intervals. After a 2-day period, colony diameters (mm) were measured in two perpendicular directions. Mycelial growth rate (mm d
À1
) was estimated based on colony diameters following growth at 30 C. In order to estimate the optimal growth temperature, recorded colony diameters were plotted against temperature and a curve fitted through cubic polynomial regression (y ¼ a þ bx þ cx 2 þ dx 3) using the programme TableCurveä 2D v. 5.01 (SYSTAT Software Inc., Chicago, USA). One-way analyses of variance (ANOVA) were conducted on optimum temperature and mycelia growth rate data, with means for each species compared with Fisher's least significant difference (LSD) test at the 5 % 
Eucalyptus urophylla significance level using STATISTIX v. 9.0 (Analytical Software, Tallahassee, USA).
Pathogenicity and aggressiveness assays
Pathogenicity and aggressiveness of all Botryosphaeriaceae isolates characterized morphologically were examined using detached green shoots of Anacardium occidentale (cv. BRS 274) (Amponsahet et al. 2011; Correia et al. 2016) . Healthy 30 cm sections of soft green shoots were obtained from cashew trees (cv. BRS 274) from a non-commercial orchard at the Universidade Federal Rural de Pernambuco where Botryosphaeriaceae species were considered absent, based upon extensive sampling. The cut ends were firstly dipped in wax then cut in the centre of each shoot using a sterilized scalpel. Each superficial wound (w4-mm length, 2-mm deep) was inoculated with a 4 mm diameter mycelial plug taken from the growing margin of a 5-day-old PDA culture of each isolate. As negative control checks, non-colonized PDA plugs were used for inoculation of shoots. In order to prevent drying, all inoculated areas were covered with Parafilm (Pechiney Co., Chicago, USA). Shoots were then incubated in a growth chamber for a 10 d period at 25 C and 12-h photoperiod. Following incubation, Parafilm was removed and shoots were sliced lengthwise to enable visual observation of internal lesions. The presence of lesions advancing beyond the original 4-mm diameter inoculation point was considered indicative of pathogenicity. Isolate virulence was evaluated through accurate digital calliperbased (Mitutoyo Co., Kanagawa, Japan) measurement of lesions dimensions. The entire experiment was arranged in a completely randomized design, with four replicates employed per treatment (isolate) and one shoot per replicate. The entire experiment was conducted in duplicate. Differences in virulence were determined by analysis of data with a one-way ANOVA, with means compared by LSD test at the 5 % significance level using the program STATISTIX.
Results
Phylogenetic analyses
Sampling from Anacardium spp. from numerous growing regions in Brazil (Fig 1) resulted in isolation of 138 isolates of Botryosphaeriaceae. Phylogenetic analysis of the EF1-a gene was employed for identification of all isolates, with rDNA ITS sequences analysed for 17 isolates that represented EF1-a haplotypes, and partial TUB gene sequences for six fusicoccumlike isolates. The GenBank accession numbers are listed in Table 1 . Analysed EF1-a and TUB sequences were approximately 450 bp in size, while rDNA ITS sequences were approximately 580 bp in size. The EF1-a and rDNA ITS sequences were combined in separate datasets, which corresponded to Lasiodiplodia species and Pseudofusicoccum species. The ITS, EF1-a, and TUB sequences were combined in a third dataset corresponding to Neofusicoccum species. Datasets were analysed separately, resulting in three phylogenetic trees, one for each genus (Figs 2e4). The isolates obtained in this study grouped into 10 distinct clades. The combined EF1-a and rDNA ITS sequences for Lasiodiplodia contained data for 78 isolates, including two outgroup taxa. Out of a total of 1393 characters, 1136 Ten isolates did not cluster with any known Lasiodiplodia species (Fig 2) . The Neofusicoccum combined ITS, EF1-a, and TUB dataset (which comprised two isolates from this study and 18 sequences originating from GenBank) comprised 1830 characters, with 1370 constant, 427 variable and parsimony uninformative, and 366 parsimony informative. The two isolates clustered with Neofusicoccum batangarum (CBS 124924). The dataset of combined rDNA ITS and EF1-a sequence data for Pseudofusicoccum species comprised 17 isolates including the outgroup, with comprised total of 1411 characters, of which 
Morphology and cultural characteristics
All the isolates that were identified based on the phylogenetic analyses using the combined data, comprising 23 Lasiodiplodia
, and L. theobromae (5)] and the 10 fusicoccum-like isolates [Neofusicoccum batangarum (5) and Pseudofusicoccum stromaticum (5)] were characterized on the basis of colony morphology and conidial characteristics. Growth was rapid for all isolates on PDA, with mycelia covering the entire surface of the Petri dishes. Aerial mycelium was initially white, then turning dark greenish grey or greyish after 4e5 d incubation at 25 C in the dark. For all isolates, structures of the asexual morph appeared within 2e4 weeks colonization of PNA. Sexual structures were absent throughout the growth period. All species showed morphological features typical of the genus (Punithalingam 1976 (Punithalingam , 1980 . The new species of Lasiodiplodia described here showed differences in conidial size to previously described species. The conidial dimensions of L. gravistriata were also outside the range previously documented in the literature for this species (Table 2) .
Fig 3 e Maximum likelihood tree resulting from the combined analysis of ITS, EF1-a, and b-tubulin sequence data. ML Bootstrap support values and Bayesian posterior probability scores are given at the nodes. The tree was rooted to Neofusicoccum macroclavatum. Ex-type isolates are in bold. The scale bar represents the number of substitutions per site.
Fig 4 e Maximum likelihood tree resulting from the combined analysis of ITS and EF1-a sequence data. ML Bootstrap support values and Bayesian posterior probability scores are given at the nodes. The tree was rooted to Botryosphaeria dothidea. Extype isolates are in bold. The scale bar represents the number of substitutions per site.
Only L. gravistriata and L. pseudotheobromae grew at 5 C and 10 C. The optimum temperature for mycelial growth and growth rate differed significantly (P 0.05) among the Botryosphaeriaceae species (Table 3) . The optimum growth temperature for N. batangarum (27.9 C) was significantly lower than (Table 2) . Lasiodiplodia gravistriata differs from its closest phylogenetic neighbour, L. subglobosa, by unique fixed alleles in two genomic DNA loci, based on alignments of the separate loci deposited in TreeBASE as study S19242: rDNA ITS position 23(T); EFa positions 50(T), 56(A), 167(GAP), 187(T), and 227(C). L. gravistriata is also distinguished from L. subglobosa on the basis of conidial size and the prominent longitudinal striations in conidia of L. gravistriata. (Fig 6) .
Discussion
In this study, we describe the species of Botryosphaeriaceae which are associated with gummosis of Anacardium in Brazil. Data were based on morphological, molecular, and pathogenicity testing for a large set of isolates from different growing regions across the country. Ten species of Botryosphaeriaceae were identified associated with gummosis on Anacardium spp.:
pseudotheobromae, L. theobromae, Neofusicoccum batangarum, and Pseudofusicoccum stromaticum. With the exception of L. theobromae, all the other species described represent first reports on Anacardium. Following identification, L. theobromae was concluded to be both the most frequent species associated with gummosis of Anacardium, as well as was the most widespread of all the Botryosphaeriaceae species (Fig 1) . Similar findings were observed for this species when associated with dieback and stem-end rot of mango (Marques et al. 2013a) , stem-end rot of papaya (Netto et al. 2014 ) and grapevine dieback (Correia et al. 2016 ) across the semi-arid region of north-eastern Brazil. Such data supports previous descriptions of this species as a pantropical pathogen occurring on a diverse range of hosts plants (Punithalingam 1980; Burgess et al. 2006) . In recent years, a number of species have been described in the L. theobromae complex globally, which likely reflects the increased employment of DNA sequence data, as well as sampling of relatively unexplored areas, including Australia (Pavlic et al. 2008) , Brazil (Marques et al. 2013a; Machado et al. 2014; Netto et al. 2014; Correia et al. 2016; Coutinho et al. 2016) , Egypt (Ismail et al. 2012) (Trakunyingcharoen et al. 2015) , and Venezuela (Burgess et al. 2006) .
Lasiodiplodia gravistriata is recognized as a new species in the genus Lasiodiplodia, which is phylogenetically closely related to Lasiodiplodia subglobosa. However, five nucleotides in the EF1-a gene distinguish L. gravistriata from L. subglobosa. The cashew derived isolates of L. gravistriata formed a clade strongly supported in both the Bayesian (1.00) and in the ML (98 %) analyses. Lasiodiplodia gravistriata can also be distinguished from L. subglobosa on the basis of both conidial size, which are longer and narrower than those typical of L. subglobosa (Machado et al. 2014) , and the prominent longitudinal striations in which occur in the conidia of this species. This new species was also one of the most frequently occurring as pathogen of Anacardium humile in Brazil (Fig 1) , and did not differ in virulence from L. brasiliense, L. iraniensis, L. gonubiensis, L. jatrophicola, L. theobromae, and N. batangarum.
Lasiodiplodia iraniensis was described from Iran on the susceptible hosts Mangifera indica and Juglans sp. (Abdollahzadeh et al. 2010) , then subsequently reported in Brazil associated with mango (Marques et al. 2013a) . This current work represents the first report of this species as causing gummosis in Anacardium spp. Although L. iraniensis was only moderately prevalent, it was one of the most aggressive species observed following inoculation of detached green cashew shoots, and therefore L. iraniensis should be regarded as a potential threat to this crop. These findings contrast those reported by Marques et al. (2013a) , where L. iraniensis isolates produced smaller lesions on mango fruits than other species.
Lasiodiplodia brasiliense was first described in Brazil in 2014 causing stem-end rot of papaya (Netto et al. 2014) . Its identification in the present study represents the first report of this species causing gummosis on Anacardium. Although most closely related to Lasiodiplodia viticola based on phylogenetic analyses, conidia in L. brasiliense are longer and wider than those typical of L. viticola. Genomic DNA for this species also differed from L. viticola, with specific alleles at ITS nucleotide positions: 2(C), 12(G), 42(T), 46(A), 50(C), 56(GAP), 62(GAP), 75(GAP), 123(T), and 370(A). Lasiodiplodia brasiliense was pathogenic on detached green cashew shoots and one of the least prevalent species associated with Anacardium. This contrasts to reports for this species as being a prevalent species associated with stem-end rot of papaya (Netto et al. 2014 ) and grapevine dieback (Correia et al. 2016) in the Brazilian São Francisco Valley region.
Prior to this study, L. jatrophicola and L. euphorbicola were described on physic nut in Brazil (Machado et al. 2014) . L. jatrophicola is phylogenetically closely related, yet clearly distinct from L. iraniensis, with larger conidia and shorter paraphyses typical of this species. Lasiodiplodia euphorbicola is phylogenetically closely related to Lasiodiplodia parva. These two taxa share morphological characteristics, although paraphyses are smaller in L. euphorbicola (Machado et al. 2014) . In this study, L. jatrophicola was the one of least prevalent species (0.7 %), and only moderately aggressiveness on Anacardium occidentale. Similarly L. euphorbicola was rarely encountered and showed only low levels of aggressiveness. A similar result 
